We discuss different SU(5) low-energy realizations and illustrate their use with the diphoton excess and Higgs flavor violation, which require new physics at the TeV scale. In particular, we study two scenarios for a 750 GeV resonance: in the first one the resonance belongs to the adjoint of SU (5), being either an SU(2) L singlet or a triplet, while in the second case the signal is due to the CP-even and CP-odd states of a new SU(2) L Higgs doublet belonging to a 45 H or a 70 H representations, giving rise to a two-Higgs doublet model at low energies. We study the fine-tuning needed for the desired members of the multiplets to be light enough, while having the rest at the GUT scale. In these scenarios, the production and decay into photons of the new resonance are mediated by the leptoquarks (LQ) present in these large SU (5) representations. We analyse the phenomenology of such scenarios, focusing on the most relevant predictions that can help to disentangle the different models, like decays into gauge bosons, Standard Model (SM) fermions and LQs pair production. In the case of the 45 H (the Georgi-Jarlskog model), we also study the possibility to have Higgs flavor violation. We find that B s mixing limits (in addition to τ → µγ) always imply that Br(h → τ µ, bs) 10 −5 .
Introduction
Most hints of new physics, either coming from LHC searches or flavor anomalies in the quark and lepton sectors, require new degrees of freedom at the TeV scale. In this paper we want to study lowenergy realizations of SU(5), which can have TeV-scale members of the multiplets that can address such signals. Although our analysis of the different SU(5) frameworks will be completely general, and can be of use whenever TeV-scale particles are required, we are specially motivated by the diphoton excess observed at the LHC by ATLAS [1, 2, 3, 4] and CMS [5, 6] . Moreover, we will also study Higgs lepton and quark flavor violating decays, motivated by recent slight hints of a large h → τ µ signal [7, 8] , although, as we will discuss, we find that this cannot be accommodated, at least in our minimal scenario.
Regarding the diphoton signal, the local (global) significances of the excess of events in their combined 8 + 13 TeV data are in the ∼ 3 − 4 σ (∼ 2σ) range, and both experiments observe the excess at the same invariant mass of 750 GeV. If interpreted as a new resonance, CMS prefers a narrow decay width Γ S ∼ O(10) MeV, while the ATLAS data seems to favor a large width, Γ S ∼ 45 GeV.
Although more data are needed before claiming the discovery of a new particle or particles, several explanations for the diphoton excess have been proposed, introducing new TeV scale particles beyond the SM spectrum. In this paper we are mainly interested in scalar (pseudo-scalar) particles as the new resonance. The simplest models involve either SU(2) L singlets, doublets or higher representations, that couple to TeV-scale degrees of freedom with large electric charges, and/or large multiplicities/couplings [9, 10, 11, 12, 13, 14, 15] . Many models introduce, in addition to the resonance, new vector-like fermions, mostly in the context of two-Higgs doublet models (2HDM) [16, 17] and/or leptoquarks (LQ), see for instance refs. [18, 19, 20, 21] . In all these models, assuming that the new scalar resonance is produced through gluon-gluon fusion, the excess can be accommodated with Γ γγ /m S ≈ 10 −6 (10 −4 ) in the case of a narrow (large) width. The cross section in the invariant mass of two photons can be estimated in accordance with ref. [22] at √ s = 13 TeV for a narrow (broad) resonance as:
σ obs (pp → S → γγ) = 4.8 ± 2.1 (7.7 ± 4.8) fb CMS 5.5 ± 1.5 (7.6 ± 1.9) fb ATLAS 
In this paper we want to go one step further in the interpretation of the excess and study wellmotivated and minimal scenarios in the context of Grand Unified Theories (GUT). The main motivation is that the needed new degrees of freedom are already part of GUT multiplets and, it turns out, this implies interesting correlations among processes involving the same multiplets. As a prototype of a GUT group, we will focus on non-supersymmetric SU(5) [23] , with some well-known nice features like charge quantization or the prediction of the weak mixing angle sin θ W , although we are well aware of the fact that limits on proton decays, compatibility with charged fermion masses and mixings, unification of interactions and naturality considerations call for a beyond the SM theory presumably more complex than the one analyzed in this paper.
Although in some cases unification of couplings can be improved with respect to the SM case (with a light (3, 3, 1/3) ⊂ 45 H [24, 25] , but we also found that the (3, 3, −4/3) ⊂ 70 H is a good option), our set-up is to be seen as a minimal one, involving the less number of ingredients, while not attempting to solve all the known drawbacks of the SM. In this view, we devote particular attentions to the conditions that are necessary for some useful fragments of SU(5) representations to be at the TeV scale, and with those we will work in an effective field theory framework. Even though the main motivation of the paper is to accommodate the diphoton excess, the SU(5) analysis presented here with TeV-scale fields is completely general, and can be used to study other scenarios that require low energy SU(5) fields.
There have been some studies of the diphoton excess in SU(5) scenarios [24, 26, 27] .
In this paper, we analyze what we believe are the best-motivated cases. In the first one, we study the 24 H representation, which is the minimal addition needed to directly break SU(5) into the SM group. This representation has singlet and triplet fields that, if light enough, can be considered as the new observed resonance. Beside the singlet case (already studied in some detail in ref. [24] ), we also analyse the triplet case and the possibility that color octets are at the TeV scale (see also refs. [28, 29] ). Furthermore we devote some attention on the fine-tuning (FT) needed to realize the needed mass splitting among the SU(5) multiplets. In our numerical results, we have taken into account all relevant phenomenological constraints from the LHC data.
In the second framework, we study the possibility that the resonance S belongs to the Higgs doublets of the 5 H and 45 H or 70 H representations; thus, we are effectively left with a 2HDM [30] , when one of the doublets is taken from the 45 H , well motivated by charged-lepton and down-quark masses (Georgi-Jarlskog model [31] ), or from the 70 H (type I 2HDM). In these cases the resonance can be the heavy combination of the two neutral CP-even members of the Higgs doublets, or the CPodd state A, or a combination of both. In addition to accommodating the observed diphoton signal, we also look for distinctive collider signatures that can help to disentangle the different scenarios.
Regarding Higgs flavor violation, the second scenario with a 5 H and a 45 H (Georgi-Jarlskog model) immediately leads to violation of lepton and down-quark flavors. Moreover, as we will show, decays of the light Higgs to leptons and quarks are related and completely fixed in terms of charged lepton and quark masses, and the CKM mixings. We will study the most promising ones, h → τ µ and h → bs, discussing the possibility of addressing the hint of a 1 % Br(h → τ µ) [8] . Furthermore, extensions of the minimal model with the light fields belonging to the 24 H will be discussed.
The paper is structured as follows. In sec. 2 we study the 24 H and the different possibilities offered by it for the new resonance, being either an SU(2) L singlet or a triplet, also taking into account the possibility of light color octets, the needed fine-tuning in these set-ups and the relevant collider signatures. In sec. 3 we focus on 2HDM in which one of the Higgses comes from the 45 H or the 70 H representations. We study Higgs lepton and quark flavor violation in sec. 4. In sec. 5 we study the related LQ phenomenology and how these new states affect GUT unification. Finally, we summarize the different predictions and draw our conclusions in sec. 6.
2.
A new resonance from the singlet and/or triplet of the 24 H
The model
We assume an SU(5) framework with scalar fields in the 5 H and 45 H /70 H representations. All these fields contain an SU(2) L doublet. In order to have a GUT breaking SU(5) → G SM ≡ SU(3) c ⊗ SU(2) L ⊗ U(1) Y the minimal way is to introduce a scalar field Σ that transforms as the adjoint representation of SU(5), the 24 H . The decomposition of Σ under the SM gauge group G SM is the following
where
where L A are the generators of SU(5) [11] . The scalar potential can then be written as:
where V I refers to the interaction potential among the scalar fields and V 5, 24, 45, 70 correspond to the self-interacting terms. In particular, for the adjoint representation Σ the explicit form of the potential is
The minimum is proportional to the diagonal SU(5) generator L 12 and it is given by the well-known expression Σ = v 24 diag{2, 2, 2, −3, −3}/ √ 30 [32, 33] with
where m 0 , m 3 and m 8 are the masses of Σ 0 , Σ 3 and Σ 8 respectively. The interaction potential V I introduces corrections of order O(v 5 /v 24 ) = O(10 −14 ) where v 5 is the VEV of the doublet contained in 5 H scalar field [34] . Corrections of similar size exist also for 45 H and 70 H and can be safely neglected. In the following we define S as the resonance observed at LHC in the diphoton channel, thus we can have S = Σ 0 or S = Σ 0 3 in the case S is the neutral component of the Σ 3 field; to obtain a signal in the channel S → γγ compatible with the diphoton excess we need to consider the effect of light particles contained in Σ or decay modes mediated by leptoquarks, as discussed in [24] . Instead of introducing ad-hoc fragments of SU(5) multiplets, we take into account that the needed particles are already contained in the higher dimensional representation of SU(5), such as 45 H and 70 H . Under G SM we have:
hence in general several scenarios are possible for production and decay. We will analyze in the following some of the most interesting ones.
TeV-scale representations from the 24 H
In the following we will distinguish among several orderings of the mass eigenstates singlet/triplet (and octet) of the 24 H .
Singlet case
Assuming that the singlet is the particle observed at LHC, a cancellation must occur in the coefficient in front of v 2 24 ∼ m 2 GUT in eq. (9a). This is possible when
which requires 0 < γ < 2/15 and thus, in general, β is negative. In this case the square root of γ/β is an imaginary number, also h(βγ) is imaginary and the mass spectrum is necessarily positive. Although on the basis of eqs. (7) and (12) one would expect m 3,8 at the GUT scale, we numerically verified that this is only possible at the prize of a large fine-tuning among the potential parameters; on the other hand, our numerical scan seems to favor a less fine-tuned solution with particle masses of order m 3 ∼ m 8 = O(10 6 ) GeV.
2.2.2. Triplet case: m 3 = 750 GeV m 0 ∼ m 8 Another possibility is that the neutral component of the triplet is the particle responsible for the excess in the diphoton channel. In this case the whole triplet is degenerate in mass at tree level and we have m 3 = 750 GeV :
so γ > 2/15, as can be seen from eq. (8). In the region 2/15 < γ < 4/15, the parameter β < 0, while in the case γ > 4/15 the sign of β changes. In order to have b > 0, and thus a positive mass spectrum, the parameter µ 2 24 changes sign as β. However the situation β < 0 must be ignored since otherwise the octet does not have a real mass. As in the case of a light singlet a large finetuning is necessary to reproduce the correct order of magnitude of v 24 ∼ m GUT and having at the same time m 0 , m 8 > 0. The typical values for the masses obtained from our numerical scan are m 0 ∼ m 8 ∼ O(10 7 ) GeV, although with more and more fine-tuning the situation m 0 ∼ m 8 ∼ m GUT can also be achieved. Notice that quantum corrections break the triplet mass degeneracy and we expect a decay Σ ± 3 → W ± Z(γ) mediated by a loop of light LQs with an invariant mass 750 GeV.
Quasi-degenerate case
The last interesting possibility considered here is a quasi-degenerate case, where all the masses are at the TeV scale. Requiring m 0 m 3 ∼ m 8 ∼ 1 TeV we found that the region 2/15 γ 3/5 is a good choice for β > 0; however it is quite difficult to obtain m 3 1.7 TeV for fixed m 0 = 750 GeV and v 24 ∼ m GUT (we need a fine-tuning of order 10 −15 between c and b × v 24 , as it can be seen in fig. 1 , where, for the sake of illustration, we take m 0 = 750 GeV). In order to understand the relations among the potential parameters we can study what happens in the simple case m 0 m 3 m 8 , as done for the singlet case in eq. (12) . From eq. (9) we get m 3 = m 8 :
We obtain m As in the case of a light triplet we expect events with an invariant mass of order 1 TeV from the decay of Σ ± 3 , which can be pair-produced, into W ± Z(γ). Notice that there is no mixing between Σ 0 and Σ 0 3 , which is easy to check by expanding the potential V 24 defined in eq. (5) around the minimum. The signal of light scalar octets can also observed at LHC pair production of scalar octets pp → Σ 8 Σ 8 and their subsequent decays through processes like Σ 8 → gg.
From fig. 1 we also notice that a region exists where m 3 m 0 m 8 ; we thus expect the direct decay Σ 0 → Σ 
GeV and these contributions are negligible. These same particles can mediate the light (125 GeV) Higgs process pp → h → γγ observed so far at LHC Run 1. The explicit couplings g hΣ 3 Σ 3 and g hΣ 8 Σ 8 depend on the V I parameters and, in principle, can cause an overproduction of final di-gamma pairs. Assuming a quasi degenerate mass spectrum for the Σ field and, for the sake of illustration, only the 5 H Higgs, the interaction potential is given by:
Neglecting the small mixing between Σ 0 and the neutral component in 5 H we have the following interaction between the physical Higgs boson h and the triplet/octet:
GeV. Therefore it is always possible to find a region in the parameter space (λ 1 , λ 2 ) compatible with the current LHC data on h decays. Notice that an interaction potential between Σ and 45 H or 70 H certainly contains more SU(5) singlets, so the potentially dangerous g hΣ 3 Σ 3 and g hΣ 8 Σ 8 couplings can be easily made vanishingly small.
Fine-tuning
In this section we explore in some detail the naturalness issues related to our models. In particular, as we have already discussed in the previous section, we need to invoke some cancellation in the b/c ratio in order to correctly reproduce both v 24 ∼ m GUT and m S = 750 GeV. To quantify the amount of required fine-tuning for S = Σ 0 , Σ 0 3 , we use the following dimensionless quantity:
where the mean mass m = 1 3 j m j . In addition, we also have to take into account naturality limits coming from the fact that loops (self-energies of the scalars) involving the c parameter contribute to the scalar masses. Thus in the absence of cancellations, we should require:
If these latter naturality constraints are not fulfilled, there is some level of fine-tuning to deal with, that we can quantify using the following definition:
For instance in the case of a light singlet and triplet this reads:
where the small parameter has been introduced in eq. (12) and eq. (13) . In the case of quasidegenerate mass spectrum, assuming m 0 m 3 ∼ m 8 and the expansion discussed in eq. (14) we get
Notice that, given the dependence on , we expect the following scaling:
The numerical results obtained from eqs. (17) and (18) are shown in fig. 2 . In the plot, the range of the ∆ FT values is built from the values of potential parameters that realize each one of the mass spectra discussed in sec. 2.2, with the additional constraint v GUT = 10 16 GeV. We first observe that for ∆ These values can be compared to the ∆ FT of the usual minimal SU(5), that we can estimate from the ratio between the EW vacuum v and the GUT vacuum, − log 10 v/v GUT 13.6. This value is the typical fine-tuning that one finds in order to have doublet-triplet splitting (it is also of the same order of magnitude in the 2HDM that we will discuss in the following). We see that the scenarios taken into account in this paper imply a degree of fine-tuning which is typically smaller than the usual minimal SU(5) one.
Note that there exist also upper bounds on the trilinear c in order to avoid spontaneous symmetry breaking of electric/color charges. The key point is that, if c is very large, for large values of the field Σ for any direction rather than the singlet (1, 1, 0) there could be a minimum that violates a where m heavy is the largest mass involved in the potential. Similar bounds have been obtained for the trilinear couplings in supersymmetric theories, see for instance [35] .
Collider phenomenology
In the case S = Σ 0 or Σ 0 3 the decay in two photons/gluons can be mediated through a loop of LQs so, in order to evaluate the relevant decay rates, we need the couplings of S with LQs and the couplings of LQs with gauge bosons. The effective operator describing the former can be obtained from the potential in eq. (4) after the SU(5) symmetry breaking and it reads:
where r = {45 H , 70 H }. We consider all the LQs involved in the process, and we will discuss the limits on their masses in sec. 5. The explicit form of the dimensionless coefficients is obtained after the matching with the relevant terms in V I ; the existence of non-vanishing such coefficients can be tested using for example, a simple cubic and quartic interactions between 70 H and 24 H in V I (at this level we can safely ignore all possible SU(5) contractions),
Within this convention, the coupling between S and a LQ is given by:
where c
On the other hand, the coupling of LQs to gluons (summing over the SU(2) L states) is
where T R (3) = 1/2, T R (6) = 5/2, T R (8) = 3 and T R (15) = 10 for the different SU(3) representations [36] and T is the weak isospin. The coupling between a LQ pair and photons can be estimated as
where Y is the hypercharge and d c is the color multiplicity of the LQ. In the same spirit we can estimate the coupling involved in the Zγ decay:
where we used the short-hand notation (
, where θ W is the weak mixing angle. The presence of the Weinberg angle makes this coupling quite large (compared to g γγ ) for higher dimensional representation of SU(2) L . Finally, the couplings to two vector bosons (W/Z) mediated by a LQ loop are given by
Hence, barring accidental cancellations that can appear in the g Zγ coupling, we expect the following hierarchy in the limit of large hypercharge:
that is:
where the factor two in the second estimate is a consequence of having identical particles in the final state for γγ and ZZ decays. Notice that the above couplings are not independent due to the presence of the following sum rules:
Thus if g ZZ = g W W = 0 we get g γγ = g Zγ = 0. To give some numerical estimates, consider the case where g W W = 0, which is the most favorable scenario: we then obtain g ZZ = t 2 W g γγ 0.30g γγ and g Zγ = −t W g γγ −0.55g γγ , for s 2 W = 0.23; on the other hand, assuming g ZZ = 0, we get
We now specialize the previous considerations to our models. In the case of the 45 H ∈ SU (5), the only leptoquark to be taken into account is (3, 2, 7/6), for which we get the same results as those of ref. [24] and reported in the first line of tab. 1. On the other hand, for the 70 H we have a richer phenomenology since many representations can have non-vanishing couplings to the gauge bosons; they are also summarized in tab. 1. According to our naive estimates, we expect that the representations (3, 3, −4/3) and (6, 2, 7/6) are the best candidates to enhance the singlet decays to γγ. Let us now consider the decay processes of our resonance candidates. For loop mediated processes we use the same conventions for the loop functions as those of ref. [37] ; in particular, we report in Appendix A the decay width for S → γγ, S → Zγ and S → gg and the relevant loop functions.
Notice that, due to the sum rules presented in eq. (32), it is quite difficult to have both Γ(S → W + W − ) and Γ(S → ZZ) small. Using the data reported in ref. [22] , we have checked that even in the case of large SU(2) L quantum numbers the current bounds on dibosons in the final state are fulfilled. The relevant decay rates in our model can be estimated from tab. I in ref. [24] :
We clearly see that the decay to gluon final states is the most relevant one. However, the use of large SU(3) representations is not really an issue in this context (they can lead to an overproduction of the SM Higgs through gluon-gluon fusion and a too fast Higgs decay rates) because the scalar potential involving 5 H and 70 H fields contain three SU(5) singlets whose couplings can be rearranged as to satisfy the Run-I results. Anyway, in all our numerical analysis below we include all partial widths discussed so far. If the decays of S into LQ are kinematically closed, the diphoton branching ratio can be estimated under the assumption that Γ(S → gg) dominates the total width and that only one LQ dominates in the loop, thus obtaining:
Hence the decay in two photons is more suppressed as the LQ SU(3) representation gets larger.
On the other hand, if kinematically open, the decay into a LQ pair is a tree-level process and can be easily computed from the effective operator defined in eq. (22) . Notice that the lower bounds on LQ masses from LHC data are typically O(1) TeV, but these are model dependent. We will discuss in sec. 5 how to relax such bounds. For a LQ in representation r ∈ SU (5) we expect:
where d LQ c explicitly takes into account the color factor of the final LQ and 10 GeV is a good estimate for the phase-space contribution (see eq.
this estimate is consistent with the ATLAS observation on a large Γ. A naive estimate assuming only one type of LQ and neglecting the gluon contribution in the total width is given by
where the O(1) is the loop factor that also takes into account the color factors.
Notice that the LQs couplings to h come from the quartic scalar potential
which contains six invariants. A similar relation also occurs if the LQ belongs to the 45 H . After GUT and EW symmetry breaking we obtain an effective operator of the form:
that in general will modify the Higgs properties. However, the effective coupling c . A detailed analysis involving the coupling of the Higgs with the scalar LQs was performed in ref. [28] .
Singlet decay
We can now use the estimates on the branching ratios given in the previous section to put some bounds on the relevant parameters of our models, that is the mass of the leptoquarks M LQ and the effective couplings of S to LQs, c r LQ , using the combined CMS and ATLAS data at √ s = 8 TeV reported in ref. [22] .
In order to do that, we use eq. (B.1), reported in Appendix B.1, where we also take into account that, for a large coupling with the photon and a large width, also the photo-production mechanism can be important, see ref. [38] . At LHC with √ s = 8/13 TeV the gluon PDF constitutes the main contribution, while only a few percent of the event is related to vector-boson fusion, thus we can ignore this channel. These very same estimates can also be used to check the compatibility with the diphoton excess in the (M LQ , c r LQ ) plane, fig. 3 . The first case we analyze is S = Σ 0 , with large m 3,8 under the simplifying assumptions that only one LQ is responsible for the decays (if we consider more than one LQ with large mass we expect similar results since the new contributions, for a given g SLQLQ , will always interfere positively, except in the Zγ channel, see tab. 1). Since the results for the LQ in the 45 H have been already discussed in ref. [24] , we focus on the LQs contained in the 70 H , in particular on the (3, 3, −4/3) and (6, 2, 7/6) representations 1 . Our results are presented in fig. 3 , where we assume that M LQ ≥ m S /2. We consider the strong coupling constant α S evaluated at the scale µ R = m S including the effect of LQs in the running whereas the electromagnetic coupling in S → γγ is evaluated at µ R = 0 since the photons are real [40] . We clearly see that for both states a narrow width Γ S = O(10 2 ) MeV is compatible with the diphoton excess in the region of relatively low LQ masses and O(1) couplings, blue (CMS) and red (ATLAS) regions.
In the case of M LQ m S /2 the situation is quite different because also the contribution from photoproduction becomes important. If we assume that the σ γγ function given in eq. (B.2) is the main contribution and we ignore the color factor d c , the experimental data can be fit only for M LQ 60 GeV, see eq. (39), a value excluded from direct searches; we interpret this result as that a large part of the signal should be a consequence of the gluon fusion mechanism.
For one light LQ we report the excluded and allowed regions in the left panel of fig. 4 .
We can now open the possibility that two LQs (3, 3, 1/3) and (6, 2, 7/6) are simultaneously light. In our numerical analysis we assume that the lightest LQ is (6, 2, 7/6) with a mass M LQ = 350 GeV. We indicate with ∆M LQ ≡ M LQ − M LQ the mass difference and we focus on |∆M LQ | ≤ 25 GeV to assure that both LQ masses satisfy M LQ m S /2. We also fix the coupling of the lightest LQ to be c LQ = 1/2 while the other coupling is c LQ + ∆c, where no assumptions on ∆c are done; in particular, with the help of the Susyno package [41] , we have checked that the couplings for these two different representations have different Clebsh-Gordan coefficients at least in one SU(5) invariant built with the 70 H , so a priori ∆c could be different from zero. Notice that the decays to ZZ and W + W − can be safely neglected because the width to a pair of LQs (∼ O(10) GeV) is much larger than that to Z and W 's (around 100 MeV). In the right panel of fig. 4 we show the allowed regions in the plane (∆M LQ , ∆c), with σ(pp → S → γγ) compatible with the excess observed at LHC.
Triplet decay
In this section we assume that the neutral component of the triplet Σ 3 is the resonance behind the diphoton excess. The bounds on M LQ and c LQ are the same of the previous case because the coupling with the LQs can be expressed using an effective operator of the same structure as in eq. (22), although with different coefficients. We should notice that it is not possible to generate the operator Σ [42] they can be estimated as:
where the logarithmic dependence comes from the loop function. The LQs couplings for W γ and W Z are instead:
These couplings are summarized in tab. 2 for the LQs in representation 70 H (since there is no dependence of the couplings of the triplets on the hypercharge we left it indicated with a generic index n). A rough estimate of the decay widths gives Γ(Σ
Degenerate mass spectrum
In this case we assume that the singlet has a mass of 750 GeV. Since no mixing between Σ 0 3 and Σ 0 is allowed, the singlet phenomenology is the same as the one described in sec. 2.4.1. In principle, in this scenario the decay of a Σ 8 in a pair of gluons could be detected at LHC. However, the triple coupling of the scalar octet is g Σ 8 Σ 8 Σ 8 ∼ O(10 −9 ) GeV in this region of the parameter space (see sec. 2.2.3), and in addition there is also a suppression due to the kinematic factor π 2 /9 − 1 [29] . Thus the main contribution to Σ 8 decays is through a loop with LQs. The effective operator at the scale m 8 m 0 can be extracted from the interaction potential
where notice that we use c r LQ for the octets, keeping c r LQ for the singlet/triplet. For every color representation r several SU(3) contractions can be worked out. For example:
where i, j, l = 1, 2, 3 and the λ a matrices are the usual Gell-Mann matrices, with a = 1, . . . 8.
The effective coupling between LQs and the scalar octet in our notation, neglecting the SU(3) contraction, is
The decay widths into a gluon pair or Z(γ)g are summarized in Appendix A, eqs. (A.6) and (A.7). The effective couplings for the decay into γ/Z and a gluon mediated by LQs are where we have also performed the sum over the colour states (see also tab. 3 for a numerical estimate of such couplings). The factor T R (r) is given by the contraction of two SU(3) adjoint external lines. We expect that the decay into Z g is always suppressed with respect to the γ g one. Notice also that the coupling to γ and g is a factor 35 for the LQ (6, 2, 7/6) due to the large T R (6) coefficient.
In the following we give a naive comparison between some of the most interesting singlet to octet decay rate ratios:
where in O(1) we consider the loop factors and ρ LQ is an order one coefficient that takes into account the color structure in the decay Σ 8 → gg, see eq. (A.8). We first observe that a larger decay width into two gluons is expected for the singlet, assuming the same order of magnitude for the O(1) coefficients and m 0 m 8 . For the other decay channels, the presence of the strong couplings always favors the decays of Σ 8 into final states containing at least one gluon jet. In order to have a large enough σ(pp → S → γγ) we observed in sec. 2.4.1 that we need M LQ ∼ 400 GeV with an order one coefficient. For m 8 ∼ 1 TeV the tree-level decay to a LQ pair, given in eq. (A.11), dominates the total width, so that Br(
where XY is any possible final state. The expected signal at LHC can be computed in a similar way to the diphoton channel for Σ 0 , see eq. (B.4) in Appendix B.1. To compare the cross section for a given final state XY produced through Σ 8 with the cross section σ(pp → S → γγ), we can define the following dimensionless quantity:
where our estimates do not take into account the photoproduction mechanism σ γγ . Here µ F = m 8 is the factorization scale. To produce valuable numerical results, we fix the LQ mass to be M LQ = 500 GeV and c LQ = 1. We obtain σ(pp → We observe that in the case of (6, 2, 7/6) and for low octet masses there is an enhancement in the channel Σ 8 → γg, while for (3, 3, −4/3) the order of magnitude is the same as that of σ(pp → Σ 0 → γγ). The large suppression with m 8 is given by the small gluon contribution encoded in the C gg coefficient: at √ s = 13 TeV we get C gg (m 8 = 1 TeV) ∼ 448 and C gg (m 8 = 2 TeV) ∼ 7 using the PDF set mstw2008nlo.
A new doublet from the 45 H or the 70 H as the resonance

The model
In this section we study the possibility that the resonance S belongs to a second Higgs doublet. Assuming only two scalar fields 5 H and 45 H or 70 H we can construct the SU(5) invariant potential as discussed in Appendix B of ref. [43] for the 45 H . In our study we assume some particular mass spectrum
A m H ± and, for the sake of simplicity, we neglect the effect of the charged particles in Higgs sector. This mass spectrum is allowed for m H ± 1 TeV by Electroweak Precision Tests, see ref. [44] for a recent analysis.
Let us consider first that the second Higgs doublet is in the 45 H . This setup corresponds to the well-known Georgi-Jarlskog model [31] . We will follow the notation of ref. [45] . Neglecting the corrections of order v 5,45 /v 24 , we can normalize the relative weights in the electroweak vacuum as
Notice that this normalization is needed in order to reproduce the correct SM gauge boson masses and to be able to define the alignment limit, in which the lightest CP-even Higgs is SM-like, i.e., with SM-like couplings to both gauge bosons and fermions. And similarly for the 70 H , with a different contribution to gauge boson masses from its VEV, and thus a different t β . From a low-energy perspective, we are dealing with an effective two-Higgs doublet model (2HDM). Therefore we have two CP-even states, namely h and S which are a linear superposition of the real neutral components in H 5 ∼ (1, 2, 1/2) ∈ 5 H and H 45 ∼ (1, 2, 1/2) ∈ 45 Finally, it could be that the signal is really due to both the CP-even and CP-odd resonances, if CP is not a good symmetry and they are sufficiently close in mass.
We can compute the couplings of the neutral Higgses to SM gauge bosons, as derived from the kinetics terms in the SU(5) Lagrangian. Notice that such a kind of couplings are zero in the case S = Σ 0 , Σ 0 3 and A. We obtain
If we want to reduce the decay width into a boson pair for the heavy scalar S while at the same time have a SM-like Higgs we have to go to the alignment or decoupling limit: β − α = π/2. The presence of the 45 H gives an extra term to the masses of the SM fermions, which in particular produces the desired factor of 3 among down and charged lepton masses [31] . We can closely follow ref. [45] regarding the Yukawa Lagrangian and, for the sake of simplicity, we take the Yukawa Y 4 of the 45 H 10 F 10 F term equal to zero (its presence will only open the allowed parameter space). The masses read:
In this way, starting in the basis where up quarks and charged leptons are diagonal (with diagonal mass matrices m E , m U ), we can completely determine the Yukawa interactions of the scalars with the SM fermions in terms of their masses and the CKM mixing matrix V CKM ≡ V d L . Using tan α ≡ t α , and equivalently for β, the neutral interactions of h/S/A which we are interested in read, for the quarks (+H.c for the opposite chiralities):
and for the charged leptons:
where the couplings after the arrows show how they simplify in the decoupling limit β − α = π/2, and we have defined the effective Yukawas in the mass basis as:
Constraints on the mixing angles α and β can be obtained from the observed values on the light Higgs (h) channels, as measured by CMS and ATLAS [47] . We define the signal strength for the channel ii as:
where ii = τ + τ − , bb, tt, W + W − , ZZ, γγ and we assume dominant gluon gluon fusion production, as is the case of the LHC.
For the heavy scalars S, A we impose the upper limits (and the diphoton signal) from LHC searches on the different channels [22] GeV resonance decaying into gauge bosons, tops, bottoms, and tau-leptons [47] (as well as the limits on the light Higgs decay channels mentioned above). These limits are shown in fig. 6 , in the plane t β − s α . Clearly, data impose to be close to the decoupling limit.
The interaction between the heavy scalar S or pseudoscalar A and the LQ ∼ (3, 2, 7/6) ∈ 45 H can be obtained from the scalar potential involving 5 H and 45 H . We can construct the following two different quartic contributions:
where we ignore all the possible SU (5) the coupling is proportional to vc β c α , while from the second term we obtain vs β s α . Instead, in the case of A we get vs β c β from both terms. Therefore
where g 1,2 are linear combination of the couplings involved in the potential in eq. (64); the last equality in eq. (65) is computed in the decoupling limit. We see that an accidental suppression for 
Thus for t β ∼ 1 and g 1 ∼ −g 2 , we can suppress the light Higgs couplings to LQs while obtaining the desired enhancement. The alignment limit can be easily investigated in the basis where only the neutral component of one of the two Higgs doublets gets a vacuum expectation value, see for instance ref. [48] . In that case, our condition g 1 ∼ −g 2 translates into a hierarchy among the quartic couplings involved in the interaction terms hLQLQ and SLQLQ, the latter being much smaller. The relation g 1 ∼ −g 2 can be affected by loop corrections which are however suppressed by the loop factor 1/(16π 2 ) and are expected to be under control. Since m S ≥ 2m h we can have the tree-level decay mode S → hh. The coupling is a non-trivial function of β and α. However, in the decoupling limit c Shh , c AZh → 0, like the decays into gauge bosons, given its proportionality to c β−α . For the CP-odd state c Ahh = 0.
A similar pattern occurs in the case of 70 H ; in fact, the coupling to vector bosons is exactly the same as eq. (56) and in this case we can work in the exact decoupling limit. Since the 70 H does not couple to fermions, this model is equivalent to a type-I 2HDM. Following ref. [46] , in the decoupling limit we have:
The couplings between LQs can be computed in the same way as in eq. (65) for S or eq. (66) for A, with the obvious caveat that they depend on different Clebsh-Gordan coefficients. The main difference with respect to the case of the 45 H is in the decay mode S/A → γγ mediated by a loop of LQs because the 70 H contains larger U(1) Y representations.
Collider phenomenology
In the case of 2HDM the phenomenology is quite similar to the singlet decay discussed in sec. 2. The effective operator describing the interactions of LQ and the heavy scalar is the same, but the coefficient is now given by eq. (65) and with the right normalization, g SLQLQ = c SLQLQ m S /2 and g ALQLQ = c ALQLQ m A /2. In the loop processes we need to include the fermion contributions (t and b quarks or the τ lepton); the scalar/pseudoscalar decay widths into a fermion pair are given in eq. (A.12) of Appendix A, with couplings as in eqs. (58a), (58b) and (59) for a type-III 2HDM and eq. (68) for a type-I 2HDM. Working in the decoupling limit we can safely neglect the decay into light Higgses and vector bosons, while at one loop they contribute to the total decay width, see for example eq. (A.13) in Appendix A.
The branching ratio for 2HDM is a function of the ratio v 45 /v 5 or v 70 /v 5 through the parameter t β and the effective couplings g 1,2 . In order to obtain a large signal we expect that the coupling of S and A to LQs obey g 1 −g 2 . Such a large coupling is also needed in order to reduce the negative interference with the top quark contribution in the decay width. The region t β ≥ 20 is excluded from SUSY searches at the LHC [49, 50] , while in the low t β region one should consider t β 1, motivated by the ATLAS and CMS searches for spin one resonances decaying into a top pairs [51, 52] .
We expect that the largest part of the decay width, for M LQ m S /2, is given by decay into a top pairs. The branching ratio can be estimated for S as
where in O(1) we consider the loop contribution and t β ∼ 1 due to the signal strength µ h γγ . A similar result holds for the pseudoscalar A.
Decays in 2HDM
The decays of a heavy particle S and/or A can be mediated by a loop of LQs. In this exploratory study we assume the LQs in representations (3, 2, 7/6) ∈ 45 H and (6, 2, 7/6) ∈ 70 H . We fix the effective couplings g 1,2 to some representative values and leave the LQ mass M LQ and t β as free parameters. We assume t β 1/3 to keep the top Yukawa coupling perturbative. In fig. 7 and 8 we show our results for the cross section σ(pp → S → γγ) (with very large A mass) and σ(pp → A → γγ) (with very large S mass) for the (3, 2, 7/6) and (6, 2, 7/6) leptoquarks, respectively. In fig. 9 the allowed regions are instead obtained for the sum σ(pp → S → γγ) + σ(pp → A → γγ) assuming a quasi-degenerate mass spectrum m A m S . In the plots we also consider the effects of LQs on the production and decay of the SM h through the signal strength µ h γγ = 1.16
+0.20
−0.18 , reported in tab. 11 of [47] and defined in eq. (61) .
In our analysis we work in the decoupling limit, thus Γ(h → V V ) = Γ SM (h → V V ) 3 and we consider only production via gluon fusion, hence σ(pp → h)/σ SM (pp → h) = Γ(h → gg)/Γ SM (h → gg). The inclusion of the corrections given by vector-boson fusion are beyond the scope of this work and are neglected.
The modified couplings of h are discussed in the previous subsections. The constraint from µ h γγ implies that t β ∼ 1. if g 1 ∼ −g 2 , see eq. (67); thus in this region we can neglect the qq-channel in the S production because the largest contribution comes from the b PDF, which gives C bb ∼ 15 but it is sensibly smaller than the gluon contribution. If, on the other hand, t β 1 then also the b-quark channel can be relevant; however this possibility is not generally realized in our models. Notice that the data Br(B s → µ + µ − ) tell us that t β 0.7 is excluded [44] . This applies to the Georgi-Jarlskog model, where flavor is violated in the bs sector.
Assuming a type-III 2HDM our results give a large width, Γ S, A 20 GeV dominated by tree level decays into SM fermions, however in the case of the pseudoscalar A the allowed regions in the fig. 7 for S, A, (6, 2, 7/6) ∈ 70 H . plane (M LQ , t β ) are quite different because the coupling between LQs and A is imaginary, thus the interference term in the Br(S → γγ) has a large impact on the observed signal, see right panel in fig. 7 .
If we consider the second Higgs doublet as a member of the 70 H , the situation is qualitatively different to the previous case, since we have now Γ S ∼ Γ A = O(1) GeV and, due to different LQ representation, the allowed mass range is slightly different. For instance, in the case of (6, 2, 7/6), the √ s = 8 TeV data exclude a larger region for both for S and A if M LQ m S,A /2; thus we expect M LQ 500 GeV. The dependence on t β in µ h γγ is similar to the scenario with the 45 H because the coupling among the SM-like Higgs h and LQs is the same in the effective theory approach. The results for S and A are shown in fig. 8 .
We can also consider the possibility that A and S are quasi-degenerate particles, for instance with masses m S = 750 GeV and m A = 730 GeV. In this case, for µ F = m A = 730 GeV, the gluon PDF slightly increases with respect to the values computed at m S = 750 GeV (see Appendix B.1) and smaller effective couplings |g 1 | ∼ |g 2 | 2π, even for large LQ mass, are needed to obtain a cross section compatible with the diphoton excess observed at LHC, fig. 9 . This is quite different to the case of just S or A, as it can be seen in figs. 7 and 8.
Higgs flavor violation from the Georgi-Jarlskog model
In this section we will discuss Higgs flavor violating (HFV) decays, both in the lepton and the down quark sectors. 4 In the Georgi-Jarlskog model, these decays are controlled by the CKM matrix. In the down-quark (charged-lepton) sector they are furthermore proportional to the charged-lepton masses (down-quark masses), see eqs. (58a) and (58b). Thus the most promising channels are h → bs and h → τ µ. In the decoupling-limit, Higgs lepton flavor violating interactions are absent, as it should, while those in the down-quark sector are present, as in the SM, but controlled in this case by the charged-lepton masses. Thus, in order to have h → τ µ, we will depart slightly from the decoupling limit, taking sin(β − α) 0.9, see fig. 6 . In this way we are able to open the parameter space, and furthermore study h → τ µ, for which there is a hint of a signal. Indeed, CMS 8 TeV data show a 2.4σ excess in the light Higgs channel h → µτ [8] , which is translated into a branching fraction:
while ATLAS shows no significant deviation Br(h → µτ ) = (0.53 ± 0.51) % [7] . If confirmed, this would be a clear signature of physics beyond the Standard Model, at the same level of the diphoton signal. There have been many works trying to explain this ∼ 1% signal, either using an EFT approach [53, 54, 55] or focusing on a type III 2HDM [56, 57, 58, 59, 60, 61] (also at loop level, see for instance an example in ref. [62] ). Here we will study if the signal can be accommodated or not in the Georgi-Jarlskog model, with a 5 H and a 45 H . Although the new LQ can provide a signal at one loop, only tree level topologies naturally allow for a 1% Br, as shown in ref. [55] . In particular, topologies with new scalars (a 2HDM, or a 2HDM plus new scalars) can explain the result [55] . Recently, a 2HDM was employed to explain both the diphoton excess and the h → τ µ hint simultaneously [63] (see also ref. [61, 64, 65, 66] ).
The h → µτ branching ratio is given:
where the relevant couplings are given in eq. (59), with Y 1, 2 defined in eq. (60) . Although the strongest constraints come in most models from τ → µγ, 5 in the Georgi-Jarlskog model [31] the Yukawas to down quarks and to charged leptons are completely related, c.f c hdd in eq. (58b) with c hēe in eq. (59) . Furthermore, even though it is an effective low-energy 2HDM, both couplings involve Y 1, 2 , which are completely fixed by the down quark masses, the charged lepton masses and the CKM, as it can be seen in eq. (60). As we focus on the τ µ sector, this means that there may be strong constraints from the bs sector. Thus, we will furthermore impose, in addition to τ → µγ, the strongest constraints of the down-quarks sector, which come from B s meson mixing, in particular on the mass splitting ∆M Bs [69] (see for instance tab. II of ref. [54] for the constraints on the bs Yukawa):
where we have definedc Φbs = |c Φbs | 2 + |c Φsb | 2 , for Φ = h, S, A, and:
The SM value is assumed to be ∆M SM Bs = (128.968 ± 10.691) × 10 −13 GeV, [70] , and we consider the 3σ allowed region. The experimental value is ∆M Bs = (116.834 ± 0.138) × 10 −13 GeV [71] . Clearly, in order to satisfy these last constraints and have large HFV the best case scenario is to have m S = 750 GeV and m A 750 GeV. We scan over the relevant parameter space, t β ∈ [0, 50], s α ∈ [−1, 1], while 700 GeV ≤ m A ≤ 5 TeV and m H ± is fixed using the best value of the T parameter, T = 0.01 [71] (in accordance with the relation discussed in ref. [56] , we observe |m A /m H ± − 1| 5%). For this scenario, in the left panel of fig. 10 we show Br(h → µτ ) versus Br(h → bs). We also plot τ → µγ versus ∆M Bs in the right panel of fig. 10 . We find that ∆M Bs mixing always imposes stronger constraints than τ → µγ in this model.
The results show that Br(h → µτ ), Br(h → bs) 10 −5 always, far below LHC and future expected sensitivity. Thus, the hint of an observed Br(h → µτ ) reported in eq. (70) cannot be explained in the minimal scenario and a confirmation of the Br(h → µτ ) signal would rule-out the minimal model as the explanation. Notice that the dip in Br(h → µτ ) comes from a cancellation in the relevant terms of the Higgs effective coupling to leptons, see first line of eq. (58b).
Let us conclude by mentioning that we have focused on topology A of ref. [55] (a type III 2HDM) but a topology B can also be realized in our set-up (see fig. 2 and tab. 3 of ref. [55] ), where the relevant scalars at low energy would be, in addition to the second Higgs doublet belonging to a 5 H or a 45 H , a hypercharge-less singlet or triplet, fields which are precisely present in the 24 H as discussed extensively in sec. 2. In addition to the flavor-violating Yukawa of the second Higgs, the relevant [73]. The blue region is the 1σ allowed region for ∆M Bs . In the inset we report the related distribution of ∆M
SM
Bs .
term in the potential that can generate the topology B (and thus h → τ µ) is precisely µ 1 in eq. (15) for a second 5 H (and similarly for the case of a second 45 H ). This gives rise to mixing among the scalars, and will in general also give a contribution to the total rate. Indeed if these trilinear terms are larger than the scalar masses, topology B would be enhanced and could dominate. However, this would pose other problems, like naturality and or charge/breaking that we do not address here.
Leptoquarks phenomenology
Pair production and limits from direct searches
Let us consider the pair production of LQs ⊂ 70 H , 45 H or Σ 8 ⊂ 24 H . As we have seen in the previous sections, LQs in representations (3, 3, −4/3), (6, 2, 7/6) ⊂ 70 H are particularly interesting candidates to accommodate the diphoton excess. Thus, we briefly discuss here their main production and decays modes.
These LQs do not couple to fermions at renormalizable level. However, at the level of D = 7 for LQs in representations (3, 3, −4/3), (6, 2, 7/6) ⊂ 70 H we can construct the following EFT operator
where Λ is the scale of the heavy degree of freedom that mediates the process. Assuming an order one coefficient and taking M LQ = 500 GeV, we obtain that short-lived LQs need a cutoff scales Λ 10 5 GeV, while stability at collider scales is instead obtained for 10 5 GeV Λ 10 7 GeV (where the upper bound assures decay lifetimes below 100 s).
Both ATLAS and CMS have searched for single or pair production of the state (3, 2, 7/6) (which could also be relevant for the 2HDM in the case of 45 H ). Assuming that the LQ couples to the second generation of fermions with an O(1) Yukawa, they found that M LQ 1 TeV, if the decay fraction into a charged lepton and a quark is 1, see ref. [74] for a review on this topic. This bound can be avoided assuming a smaller decay fraction (while the Yukawa dependence is less relevant), otherwise we cannot achieve a signal for the diphoton excess in the case of 2HDM also for |g 1,2 | ≤ 4π, see fig. 7 .
The largest production mechanism is through gluon fusion. We use the data quoted in tab. 9 of ref. [74] for LQ ∼ 3 ∈ SU (3), where σ(pp → LQLQ) = 0.0461 pb at √ s = 14 TeV for M LQ = 500 GeV. We can estimate the pp → 66 cross section using eqs. (B.5a) and (B.5b) (where the involved Casimir are C(3) = 4/3 and C(6) = 10/3) as:
hence we expect a larger production for the LQ in representation (6, 2, 7/6). Another interesting signal is the pair production of two scalar octets through the kinetic term in the SU(5) Lagrangian. The partonic cross sections can be computed from eqs. (B.5a) and (B.5b) and are in agreement with refs. [29, 75] , see further details in Appendix B.2. In fig. 11 we report the cross section for the pair production of Σ 8 as a function of the octet mass m 8 , for µ F = µ R = 2m 8 and α S (m Z ) = 0.1185; the one loop correction to α S do not take into account the contribution of the LQ, that we put at a mass larger than 2m 8 . We also neglect QCD corrections. The results are in agreement with a similar analysis performed in ref. [76] . The solid lines are the total cross section, the dashed the qq-production and the dot-dashed the gluon production. We use the mstw2008nlo PDF set.
To conclude this section, we remind that the pair production of the octet Σ 8 with its subsequent decays to LQ, Σ 8 → LQLQ can compete with direct pair production of LQ, as shown in fig. 5 ; from that, we observe that the LQ pair production has the same order of magnitude of the decay mode Σ 8 → LQLQ in the region m 8 = O(1) TeV for order one c r LQ couplings.
Qualitative discussion on GUT unification
The presence of massive LQs, with M LQ ∼ 1 TeV, poses the question of how strong they affect the running of the gauge couplings. In order to grasp the relevant effect, we consider all LQs already studied in this paper and, for each of them, we compute the shifts induced to the one-loop β function coefficients δb i , where i = 1, 2, 3 refers to the SU (3), SU(2) L and U(1) gauge groups [77, 78] . For the sake of simplicity, we only take into account the contributions of LQs, no matter of whether we are dealing with a singlet or 2HDM scenarios. The amount of unification at one-loop is quantified by the parameter A, which is defined as the ratio between the area of the GUT triangle in one particular model (we take M LQ = 1 TeV), and that for the SM; for comparison, the latter is given by A SM = 5.87 × 10 14 GeV. Notice that the lesser the A, the closer we are to having unification, being A = 0 the case of exact unification. The results for the β functions are summarized in tab. 4 .
From this analysis it is clear that the best candidate is (3, 3, −4/3), while (3, 3, 1/3) is also a good possibility. We stress again that this exercise has to be understood as a very simplistic and qualitative study, as many different combinations of fields up to the GUT scale are possible, yielding a large number of possibilities.
Concluding remarks
We have studied different low-energy realizations of SU(5), involving new scalars and leptoquarks at the TeV scale. We have shown that they can be used to address different anomalies. In particular, we have focus on analyzing ways to explain the diphoton excess within an SU(5) framework, each of which leading to a different phenomenology. We have also studied the possibility to have Higgs flavor violation. In addition to studying the different scenarios, we have tried to make definite predictions for the different cases in order to pinpoint the underlying physics beneath the excess, should it be confirmed. We list in the following some concluding remarks and differences of the possible set-ups:
• The first type of models with the singlet/triplet/degenerate cases have a large phenomenology.
Pair production of the triplets and octets at the TeV scale are a clear signature to test them.
• The second type of models with an effective 2HDM can come from either another 5 H , or a 45 H or a 70 H . The 45 H is well motivated by down-quark and charged-lepton masses, in the well-known Georgi-Jarlskog model. The 70 H does not couple to fermions at the renormalizable level and thus naturally evades FCNC, leading to a type-I 2HDM.
• Both cases of the singlet/triplet and the 2HDM in the alignment limit (no decays to light Higgses or gauge bosons at tree level) are allowed. In the last cases, decays into SM fermions are predicted which, depending on the model and t β , are predominantly into tops, b's and/or taus. These are absent in the singlet/triplet case, and serve as a clear discriminant of both scenarios.
• Obtaining a large width is possible both in the case of singlet/triplet/degenerate for some configurations (see the left panel of fig. 4) , and in the type-III 2HDM, while this is not the case for type-I 2HDM, even if both the CP-even and the CP-odd are almost degenerate in mass and contribute significantly to the rate.
• For the 2HDM the parameter space able to explain the excess is smaller (also because of the constraint imposed by µ h γγ ) as the main decays come from low-energy dimension 6 operators, to be compared with the dimension 5 ones of the singlet.
• Regarding fine-tuning, whenever non-supersymmetric SU(5) is present there are un-natural couplings that must be tuned in order to tackle the doublet-triplet splitting and/or the hierarchy problem. In the case of the singlet, the new fine-tuning sources are shown in fig. 2 , and lie below the typical SU(5) ones. For the 2HDM, for any of the 5 H or 45 H representations, the particles that mediate proton decay will need to be at the GUT scale, while the doublets need to be at the TeV scale. This is another source contributing to the doublet-triplet splitting problem. Notice that none of the LQs of the 70 H mediate proton decay at tree level but, for some of them like the (3, 3, −4/3), possible loop level contributions may arise, thus their mass can not be too light or the relevant couplings must be somehow suppressed.
• In the models discussed in sec. 2, in addition to dijet events, we expect significant decays into gauge bosons, all of which cannot be simultaneously reduced. This can help to pinpoint the underlying model. For instance, for singlets, we expect decays into W W, ZZ, γZ, see tab. 1. For triplets, decays into W γ and W Z are present, see tab. 2. And in the case of degenerate spectrum with a light octet, correlated decays into photon+jet and Z+jet can be searched for, see tab. 3.
• For the 2HDM, the decays into SM fermions and the anti-correlation among the γγ and Z+photon are the most striking signatures. Furthermore, when the resolution is larger, both a CP-even and CP-odd almost degenerate in mass could be disentangled.
• From a measurement of the decay rates, one could disentangle whether the representation behind the resonance is a 45 H or a 70 H . This is due to two reasons: the decays of the resonance have a different dependence on t β , and furthermore t β is not the same in the different scenarios, as it depends on the SU(5) representation (45 H or 70 H ) to which the second Higgs doublet belongs. Furthermore, the 45 H can have a larger width, while the 70 H does not, as it can be seen in figs. 7, 8 and 9.
• In addition, in the case of the Georgi-Jarlskog model there is flavor violation in Higgs decays. However, we have found that B s mixing limits imply Br(h → τ µ, bs) 10 −5 , beyond any expected sensitivity. Thus a confirmation of a 1% Br(h → τ µ) at the LHC would rule-out this model as an explanation, at least in its minimal version.
As a last remark, we want to emphasize again that, whether the diphoton excess will be confirmed or not by future LHC data, the analysis performed in this paper will remain a useful study of lowenergy realizations of SU(5), with many phenomenological implications in different sectors, ranging from the phenomenology of low-mass colored states to that of Higgs flavour violating interactions.
where τ j ≡ 4m Appendix A.1. Loop functions For the decays of S → γγ/gg, the scalar, fermion and gauge boson contributions into the loops are: In the case of a CP-odd state the spin-1/2 function for the decay A → γγ/gg is different:
The functions g and f are explicitly given by [83] : Table B .5: C gg coefficients at the two scales µ F = 730 GeV and µ F = 750 GeV.
In eq. (B.1) we introduce the parameter C gg , that is given by the gluon PDF f g (x; µ The values used in our paper and obtained with the PDF set mstw2008nlo, see ref. [84] , are reported in tab. B.5. The factor K gg is introduced to taking into account QCD corrections, the typical value is K gg 1. where β P ≡ 1 + 4M 2 P /ŝ is the velocity of P in the center of mass frame andŝ is the partonic energy, d = d c × d L is the number of states in representation (r, r ) ∈ SU(3) c ⊗ SU(2) L and C(r) is the Casimir invariant, we have C(3) = 4/3, C(6) = 10/3, C(8) = 3 and C(15) = 16/3. The factor ξ is the multiplicity, which is equal to 1/2 for real representations of all quantum numbers or one otherwise. The total cross section is given by the sum of the partial cross sections σ(pp → P P ) = Kσ(qq → P P ) + K gg σ(gg → P P ) , (B.6) where typical value of the K-factor for quarks is K∼ 1.2 (K gg 1.48 for gluons). The integrated partonic cross sections are [87] σ(gg → P P ) = 
